Abstract. In this study a method is proposed for the optimization of the design and manufacture of gears. Optimal modifications are introduced into gear tooth surfaces in order to improve the operating characteristics of the gear pair, namely, to reduce the tooth contact pressure and the transmission errors, and to decrease the sensitivity of the gear pair to errors in tooth surfaces and to the relative positions of the mating members. The optimal modifications of gear tooth surfaces are introduced by the application of the adequate machine tool settings and tool geometry. An optimization methodology is applied to systematically define optimal tool geometry and machine tool settings to simultaneously minimize tooth contact pressures and angular displacement error of the driven gear. The use of a CNC gear manufacture machine makes it possible to perform nonlinear correction motions for cutting the optimized gears. Effectiveness of the method was demonstrated by using a spiral bevel gear example. Significant reductions in the maximum tooth contact pressure and in the transmission errors were obtained.
Introduction
Numerous research works were directed towards the determination of optimal tooth surface modifications in different types of gears and of the corresponding machine tool settings to introduce these modifications. The goal is to improve load distribution, to reduce tooth contact pressure and transmission errors, and to avoid edge contact of tooth surfaces. Because of the limited length of the paper, only part of these research works is referenced [1] [2] [3] [4] [5] [6] [7] [8] .
To achieve maximum life in a gear set, appropriate bearing pattern location with low tooth contact pressure and low loaded transmission error must coexists. Loaded transmission error is the primary source of noise and vibration. The maximum tooth contact pressure and transmission error depend substantially on tooth geometry. In order to reduce the tooth contact pressure and the transmission errors, and to decrease the sensitivity of the gear pair to errors in tooth surfaces and to the relative positions of the mating members, carefully chosen tooth surface modifications are usually applied to the teeth of one or both mating gears. As a result of these modifications, a point contact replaces the theoretical line contact of the fully conjugated tooth surfaces. These modifications are introduced into the gear tooth surfaces by applying the appropriate machine tool setting for the manufacture of the pinion and the gear and/or by using a tool with optimized geometry. The new CNC gear manufacture machines have made it possible to perform varying correction motions during the cutting of gears. In this paper, a method is presented to determine optimal tool geometry and optimal polynomial functions for the conduction of machine tool setting variation in gear teeth finishing simultaneously reducing maximum tooth contact pressure and transmission errors. The developed optimization procedure relies heavily on the loaded tooth contact analysis for the prediction of maximum tooth contact pressure and transmission errors. The load distribution and transmission error calculation method employed in this study was developed by the author of this paper [9] [10] [11] [12] . The optimization is based on machine tool setting variation on the cradle-type generator conducted by optimal polynomial functions and on optimal tool geometry. In the second step an algorithm is developed for the execution of motions on the CNC hypoid generator using the relations on the cradle-type machine.
Effectiveness of the method was demonstrated by using a spiral bevel gear example. Significant reductions in the maximum tooth contact pressure and in the transmission errors were obtained.
The Optimization Procedure
An optimization method is applied to systematically define optimal head-cutter geometry and machine tool settings to simultaneously minimize maximum tooth contact pressure and angular displacement error of the driven gear. The optimization problem to be solved is as follows: 
where N is the number of manufacture parameters.
The new CNC gear manufacture machines have made it possible to perform varying correction motions during the cutting of gears. The variations of the manufacture parameters on such a machine (except the parameters describing the tool geometry) may be conducted by polynomial functions of fifth-order: are not available analytically, they exist numerically through the load distribution calculation. Therefore, the computer simulation of load distribution must be run, repeatedly, in order to compute the various quantities needed by the optimization algorithm. The load distribution calculation is based on a highly nonlinear system of equations. Because of that an approximate and iterative technique is used to perform the load distribution calculation [9] [10] [11] [12] . This causes that the calculation of partial derivatives for gradient-based optimization algorithms to be quite impractical. For this reason, a nonderivative method is selected to solve this particular optimization problem. One of the direct search methods described in Ref. [13] can be adopted. Here, the Hooke and Jeeves pattern search method [14] is used.
Example: Optimization of the Design and Manufacture of a Spiral Bevel Gear Pair
A computer program was developed to implement the formulation provided above. By applying this program the optimal tool geometry and machine tool settings were calculated and the corresponding functions were developed for the execution of motions on the CNC hypoid generator using the relations on the cradle-type machine. The main design data of the example spiral bevel gear pair used in this study are: numbers of teeth 13 and 50, module 5 mm, face width 30 mm, mean spiral angle 35 deg. The tooth surface modifications are introduced into the pinion by the following machine tool settings ( Fig. 1) : sliding base setting, c, machine center to back, f, blank offset, g, machine root angle, The load distribution calculation was performed for 21 instantaneous positions of the pinion and the gear rolling through a mesh cycle. The tooth contact pressure distributions along the potential contact lines for 21 instantaneous positions and for all the adjacent tooth pairs engaged for a particular position of the mating members, for the case when no modifications are introduced into the pinion teeth, namely straight-lined head-cutter profile and the basic values of machine tool settings are applied, are shown in Fig. 3 . In this case the pinion and gear tooth surfaces are fully conjugate. The obtained maximum tooth contact pressure is 1155 MPa and the maximum angular displacement error of the driven gear is 12.23 arcsec. The tooth contact pressure distribution for the case when the pinion teeth are manufactured by the head-cutter of optimized geometry and by optimal variation in machine tool settings governed by equation (3), is shown in Fig. 4 
Conclusions
A method for the optimization of the design and manufacture of gears is proposed. The optimal tool geometry and machine tool settings are determined to introduce the optimal tooth modifications into the teeth of gears in order to reduce the tooth contact pressure and transmission errors. The method is based on machine tool setting variation on the cradle-type generator conducted by polynomial functions of fifth-order. An algorithm is developed for the execution of motions on the CNC hypoid generator using the optimal relations on the cradle-type machine. Effectiveness of the method was demonstrated by using a spiral bevel gear example. On the basis of the obtained results it can be concluded that by applying the head-cutter of optimal geometry and the optimal variation in machine tool settings, drastic reductions in the maximum tooth contact pressure of 62% and in the transmission error of 70% were obtained.
